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DESIGN OF A 12 CHANNEL FM MICROWAVE RECEIVER

Abstract

The design, fabrication, and performance of elements of a low
cost FM microwave satellite ground station receiver is described.
It is capable of accepting 12 contiguous color television equivalent
bandwidth channels in the 11.72 to 12.2 GHz band. Each channel
is 40 MHz wide and incorporates a 4 MHz guard band. The modulation
format is wideband FM and the channels are frequency division
muitiplexed. Twelve independent CATV compatible baseband outputs
are provided. The overall system specifications are first discussed,
then consideration is given to the receiver subsystems and the

signal branching network.
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DESIGN OF A 12 CHANNEL FM MICROWAVE RECEIVER

1. INTRODUCTION

1.1 BACKGRUUND

The communication satellite is being seen as an evermore viable
meané of providing an educationz’ communication system. (1)* IF a.
multi-carrier satellite transponder having a 1érge number of va
equivalent bandwidth channels were used in conjunction with a CATV
system it would be pbssibTe to economically disseminate Targe amounts
- of information to many subscribers. In order to implement such a |
system with many points of reception, low cost terminal eauipment
is required. Newman et. al. {2) have suggested the use of multi-
channel, multicarrier ground station receivers to provide the
necessary sateilite to CATY interconnection using one RF carrier
per channel.

Although it is ihtended for use in an educational satel]ité
“network, Tow cost ground receivers such as the one described here
could be used for commercial purposes as well.

This report is concerned with the implementation of a Tow cost

microwave receiver. This receiver is designed to accept 12 contiquous

*The numbers in parentheses in the text indicate references in the
Bibliography.



color television equivalent bandwidth channels in the 11.72 2o 12.2
GHzrband using a wideband FM format and frequency division multiplexing
(FDM) of the channels. Each individual channel is to have a usable
bandwidth of 36 MHz and a guard band of 4 MHz. The receiver provides
an output for each channel compatible with standard video signals
suyitable for use with a CATV headend.

As it is our intention tha:. these receivers find widespread
usage, both in education and commercial systems, a low cost (Tess
than $10,000) is a major design consideratior. For example, a double
conversion scheme is used which allows construction of the channel
dropping filters at L-band, utiiizing stripline techniques which
are more economical than the usc of wave guide or coaxial filters as
required at higher frequencies. Beyond the channel separation

filters, i.e, branching network, the design of each channel is iden-
tical. Straightforward, yet innovative designs were attempted which
use standard components. Identical components have been used as
much as possible to obtain economies of scale. The use‘of tunable
elements has been avoided wherever possible to eliminate the need
for complicated testing and alignment procedures.

- The main emphasis of this report will be on the design of the
branching network and baseband channels along with some discussion
on the front-end design of the receiver. Theoretical performance
~ characteristics based on overall system requirements are determined
for each subsystem. The performance of each subsystem is evaluated to
see how well the specifications are met. In order to lend some per-
spective to the work reported here let us first examine some other

work done in the area of ground station receiver design.



1.2 PREQIOUS RESULTS

General Electric has reﬁorted a single conversion, single
charinel receiver (3) (4). Use of the appropriate converter on the
front end allows for either 2.5 GHz or 12 GHz reception. Thé converter
feeds a 7 stage transistor IF émp1if1er having a center frequency of
120 MHz with a bandwidth of 40 MHz and an overall gain of 45 dB.
Following the IF amplifier is the Timfter which is a single stage
differential amplifier with a low-pass filter at the output. The
discriminator uses open and short circuited 3/& transmission lines
with S-band Schottky diodes as the detectors. The baseband amplifier
is DC coupled to the discriminator to produce the necessary video
output of 1Vpp into 75q.

| Lusignan, et. al. (5) report another single channel, single
,conversion system for use at 2.62 GHz. The front-end down converter
- for this system provides an IF of 120 MHz. The IF Amplifier has a
_25.2 MHz bandwidth and a gain of 60 dB. It is implemented by'a
cascade of four transistor stages with an FET input. All stageé are
transformer coupled. The limiter, which is coupled to the output
of the IF Amplifier through a 3-pole filter, is merely a two stage
differential amplifier running in saturation. The limiter has a
5 dB dynamic range. The discriminator which is directly coupled
to the limiter uses a single 3x/8 short circuited transmiss%on line
and one detector diode. The resulting output suffers at most a 2%
déviation from linearity over a 25 MHz bandwidth centered at 120
MHz.

Another single channel, single conversion system has been

reported by NASA (6). The front-end converter is designed to work



at 845 to 875 MHz and to provide a 70 MHz IF. The IF ampilifier
consists of four cascaded trénsistor stages capacitively coupled.
It has a voltage gain of 75 dB, provides a nominal output of C d4Bm
into 750 and must accept -60 to -30 dBm, 750 inputs. The dynamic
range is 20 dB and the 1 dB bandwidth is 30 MHz. The limiter is a
three stage transistor amplifier emp]oying‘signa1 biased back-to-
back diodes at the output of the Tast two stages. Its operating
input level is G dBm at 752. Tne dynamic range is 15 dB and the
0.5 dB bandwidth is 30 MHz. Two transistors turn the single

ended output of the limiter into 3 balanced output which drives a
Foster-Seely type discriminator which has an output linearity of
3% over the 30 MHz band. A three stage FET amplifier provides a
standard video signal of 1 Vpp into 75%.

RCA {7) has reported the design of a 24 channel spaceborne
transponder for operation at 5925 to 6425 MHz in the receiver mode
and 3700 to 4200 MHz in the transmit mode. The bandwidth of each
of the baseband channels is 36 MHz.

1.3 SYSTEM CONSIDERATIONS

Rased on a report of the results of the 1977 World Administra-
tive Radio Conference (8) and the existing usage of the various
services discussed in that renort, operation in the 12 GHz region
is indicated for television broadcasting from satellites. The
receiver we have designed is to be used in a multicarrier system
where individual TV channels are Frequency Division Multiplexed (FDM)
together in a 11.72 - 12.20 GHz band. Such a system has several
important advantages over a single carrier system. First, it allows

individual TV channels to originate simultaneously from different



programming centers. It also permits channelization in the satellite
transponder design so that one can limit certain failures in the
transponder to individual chénnels. The need for tight phase and
amnlitude requirements over broad bandwidfh in the various subsystems 
of the transponder and earth terminal is reduced by a multicarrier
approach.
The constitution of the baseband signal is shown in Figure 1.1.
In addition to the standard video signal, the system must handle two
15 KHz aural signals. The two aural channels are handled by M |
modutating two subcarriers, one at 4.7 MHz and the other at 5.5 MHz,
‘ahd then frequency division multiplexing them with the video baseband.
In any satellite to earth communication system there is a optimum
balance between the amount of Effective Radiated Power (ERP) produﬁed
by the satellite and the needed sensitivity or "Figure of Merit (G/T)”
fdr the earth station receiver. In general, G/T is defined as the -
'rétio of antenna gain to overall system noise temperature and is
expressed in dB/°K. The optimum G/T which produces the best erra]l
‘system economy depends on the user, system requirements, launch vehicle
constraints, etc. Computer aided satellite system analysis and |
utilization studies carried out by Stagl et. al. (9) at Washington
‘University indicate 18-22 dB/°K to be the optimum range‘for G/T for
a comimunity reception type satellite television broadcast system in
the U.S. for near term educational program delivery via interconnection
" of institutional and commercial CATV headends. Based on satellite
television broadcasting system optimization studies, {9) (10) we
have opted for G/T of 17.5 dB/°K for our receiver. This G/T is to

be‘achieved with a 10 ft. parabolic antenna which has 49 dB gain at
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12 GHz and a receiving system noise temperature of 1400°K of wﬁich
200°K is attributed to antenna noise and the remainder to the
receiver. This 10 ft. disk should have Timited steering capa-
bilities and a 3 dB beamwidth of .55° - .60° which is adequate to
accomodate wind caused deviations from the set axis and the satellite
movements provided that the spacecraft has a tO.E East-West as well
as North-South station keeping ability.

With an ERP of 56 dBW per TV channel and & 36 MHz RF channal
bandwidth, the proposed terminal with a 6/T of 17.5 dB/°K wi}i be ab]é
to deliver a peak video signal power to weightec r.m.s. noise ratio
[S/N}p,w of 53 dB for 99.8 percent of time in a region with rain
"~ statistics similar to that of New Jersey. (2) With the satellite
qplink, downlink and the farthest route in the cable-television
distribution plant peak weighted signal to noiée ratio [S/N]p,w being
67 dB, 53 dB and 53 dB respectively, the user served by the fartheﬁt
drop cable facility would have the potential of receiving a [S/N]ﬁ,w
_of 49 dB or a TV picture equivalent to TASO Grade I. (2)

The desired character1st1cs of the ground terminal are summarTzed
in Table 1.1 and the resulting recei ver block diagram is given in
Figure 1.2. The expected input power level is -74 dBm per channel.
Allowance is made for a 15 dB fade margin. In order to eliminate the
need for a balanced mixer configuration at the input and to more
easi]y.faci1itafe separation of the channels, we have opted for'a“
double conversion scheme.

The front-end down converter which frequency shifts the informa-

tion from 11.72 ~ 12.2 GHz to 1.02 - 1.5 GHz was built by Westinghouse



TABLE 1.1

SATELLITE GROUND-TERMINAL CHARACTERISTICS

Ground Terminal Type

Antenna
Antenna Gain

Antenna Polarization
Antenna Noise Temperature [TA]

Low MNoise Receiver

Receiver Noise Temperature [TR]

Individual RF Carrier Bandwidth

. __{Per_TV Channel).

Modulation

Demoduiator

Receiving System Noise
Temperature [TS:TA+TR]

Receiving System [G/T]

[Antenna Gain to System Noise

Temperature Ratio]

Receive Only

10-ft. parabolic dish
Limited manual steering

45.98 dB at 12-GHz
54 percent efficiency.

Linear -

200°K (Maximum)
Double Conversion -
First IF at 1 GHz and
the second at 80 MHz
Channel Separation
after 1st IF.

1,200°K (Maximum)

P1.700 - 12.200 GHz

36 MHz S e
Frequency Modulation

Discriminator (12 dB
threshold)

1,400°K

17.52 dB/°K



1.02-1,50 GHz

11.72-12.2 GHz |
: ‘ Adjacent Ch. 30 dB down

=104 dBW/ch : ‘L
- 74 dBm/ch_ ) " Net Gafn of 10 dB
__ _Lonversion Gain 25 d8 | ;—'62)(1 }ggg ggz Earrjer
' . * .ﬁ. o 1 GHz Carrier
|Conv. Loss 3 | —— — o — —_.
] ) | Conv. Loss =50 ! | :
Mixer | R g dB dBm 10 -
| |
| o J’ dBm —— _
Mixer BPF < il '
| | PR, T 16-0.€1) -+
T - T T T ' 80 dB ——— F1 vpp
80 MHz Max. Gain | into 75 @
st L. 0. B hi i e |
st L. U - Branching, Limiter/Discriminator/Base-Band Am
Network . nd L.0. P

Figure 1.2 Block Diagram of 12 Channel Receiver



‘sists of a fixer, bandpass filter (BPF), IF amplifier, group delay

10

(11). It consists of a single ended {single diode) mixer employing
image and sum frequency enhancement techniques to achieve a midband
insertion loss o 3.8 dB, and a three stage IF amplifier having a
noise figure of 2.5 dB. The overall conversion results is a gain
of 25 dB.

The branching network used in the present effort consists of a
set of 12 doubly terminated Tchebycheff filters appropriately spaced
along a distribution network. To help make up for distributed losses
and to allow for an additional measure of isolation against leakage
from the second local oscillator (LO) into adjacent channels, a
single transistor amplifier is implemented at the output of each
filter.

After branching, the 12 individual channels are now available to

the inputs of 17 identical individual baseband channels at a maxiium

fevel of -40 dBm. As seen in Figure 1.2, each baseband channel con-

equalizers (G.D.E.), limiter, discriminator and baseband amplifier.

The mixer at the input to each of these channels converts to the second
intermediate frequency of 80 MHz. Preliminary calculations showed

that this frequency would most easily facilitate the synthesis of the
requived set of 12 local oscillator frequencies. An appropriate band-
pass filter having a bandwidth of 36 MHz filters the output of the

mixer and provides some additional channel selectivity. The IF
amplifier should be able to provide a nominal 10 dBm level for a minimum
input of -70 dBm, to drive the 1imiter and discriminator. The

limiter must be wideband (40 MHz) and have a minimum 10 dB dynamic range.

The discriminator must provide an extremely linear output (<3% deviation)
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from linearity, based on previous work (5) (6}, to prevent phase
distortion of the signal. The final amplifier provides a 1 Vpp
composite video signal into 750 which is compatib]e with typical

CATV remodulators for local distribution. Provision‘is made for
group delay equalizers to adjust the'channei's delay characterisfics.

It is planned that the 12 local oscillator frequencies for the
baseband channels plus the X-band LO for the front end will be-*

. synthesized from one 10 MHz crystal used in conjunction with -
app%opriate harmonic generators, mixers, and filters.
1.4 SCOPE

Chapter 2 is concerned with the design, construction, and -

- performance of the IF amplifier. Included in this section is a
V‘discussion on the specification of the bandpass filters and their
~design. The performance of a commercially made mixer is also
dispussed. The section concludes with some data taken on the
ovéral] Iﬁ amplifier performance when driven by the mixer.

Chapter 3 is devoted to the limiter and discriminator. The
design of a'simpie Timiter configuration and its performance are
first considered. This is followed by a discussion on the design
of a 1ow-bass filter té remove the higher order harmonics in the
.'Jlimiterfs output to the discriminétor. The design of a modi fied
transmisﬁion line discriminator then follows along with a discussion
on the conversion from a distributed parameter to a ]umped parameter

system. Th1§ chapter concludes with  performance results for the
entire baseband channel from the input of the mixer to the output

of the baseband amplifier.
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Chapter 4 discusses the design criteria for the branching
networks. Theoretical performance is considered along with the
performance of a first cut prototype filter design.

A final discussion and surmmarized results are given in

Chapter 5,



13

2. _MIXER, IF AMPLIFIER AND BAND-PASS FILTERS

2.1 INTRODUCT ION

This chapter describés the cesign, construction, and performance
of the IF amplifier and its accompanying band-pass filters. lAlso dis-
cussed s the performance of a small commerciaily produced flat pack
mixer used to down convert from L-band to the 80 MHz IF. The specif%~
cations for the amplifier are discussed first. These include deter-
mining input and output power and imﬁedance levels, overall gain require-
ments, bandwidth, and selectivity. Then consideration is given to
- implementing a design and evaluation prototype performance. Finally,
the overall performance of the IF amplifier with the mixer driving |
it is reported.
'4 ‘lThe preifminary operating specifications for the IF amp]ifier are
specified by Newman et. al. (2). Final specifications evolved during
-the design phase. Based on the input impedance level and power require-
ments of fhe limiter, the IF amplifier should have an output impedance
level of 3002 and be able to provide about 6 Ypp. This corresponds to
an output power of approximately 12 dBm. Its input impedance should '
match the mixer's output impedance of 502 and it should be able to amplify 7
a minimum signal of —70‘dBm. Hence, the amb]ifier must have a maximum
gain of 80 dB over the frequency range of 60 to 100 MHz. 1In order to
elfminate the néed for an AGC loop and to provide additiona1A1im1ting ‘
we will consider operating the amplifier near or in saturatibn, provided ._
fhat 1t§'intefmodu1ation characteristics do not adversely affect the
system performance. |

The band pass specifications and selectivity of each channel are

now considered. The selectivity requirement chosen is based on that
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used for the microwave receivers of the Bell System's TH-3 telephone
communication system (12): at least 30 dB suppression of the adjacent
channel band edges. Based on Carson's rule, at least 36 MHz is needed
for the desired FM format. Allowing a 4 MHz guard band, 40 MHz of
bandwidth per channel is availabie in our design. Therefore. the
amplitude roll-off can start at 62 and 98 MHz, respectively, and be
down 30 dB at 58 MHz and 102 MHz. Since the sharpest selectivities
with the fewest number of elements are obtained with the Tchebycheff
response, such filters are used in the design.

Before turning to the actval design, let us consider the confiqura-
tion we intend to use for the amplifier. One can think of the IF
amplifier as consisting of a pre-amplifier section and power amplifier
section. The band pass filter is also implemented in two sections.

One is at the input ta the first pre-amplificr stage, the oth

ing it. Although both filters serve the purpose of eliminating out-

~of-band signal components, the second band pass filter also he?pé-h

eliminate high freqguency noise in the amplifier. 1In addition, such
an arrangement prevents the need for a multipole filter at the input‘
to the IF Amplifier which might prove difficult to tune and have
excessive insertion 1oss.

2.2 PRE-AMPLIFIER DESIGN .

Most of the gain is to be developed in the pre-amplifier section.

" The easiest and most economical way of implementing this section is to

use several high frequency, Tinear amplifier integrated circuits in
cascade. The MC1590G integrated circuit presents acceptable charac-
teristics for such use. According to its specifications, each package

should be able to provide at least 20 dB of gain out to 100 MHz.
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Figure 2.1 shows a schematic diagram 6f thfs.package (13). By adjusting
the size of the load resistors, RL,&through which bias is supplied

to pins 5, 6, and 7, one can control the gain and resulting band-

width. For RL = 100 @, each package is able toldevelop a gain of
between 20 and 25 dB. For thic amount of gain however, the respbnse
starts to roll off above 80 MHz. By using indﬁctive peaking on the
output pins 5 and 6, it is possible to raise the response on the

high end. To calculate the required inductance, one first determines
the input and output impedance of the package. From the data sheet,

it is found that the output capacitance and resistance are CD T 2 pf

and R, = 2Ks, respectively. For the input there is a capacitance

i

€. ¥ 8 pf and resistance Ri 1Kp. Maximally flat response out to at

1
least 100 MHz requires (14):

where RL = 100 52 and C = Ci

,+

CO = 10 pf. Solving equation 2.1, one -
finds that L = .04 vh.

The pre-amplifier stage was prototyped by cascading two packages
in the same manner as [.C. 2 and 3 in Fiéure 2;2. For proper
Opération, OC bias must‘be applied to pins 5, 6, and 7. B8y supplying

22 volts to the 120 @ resistor at the input to the biasing network it
is possible to bias pins 5, 6, and 7 to their maximum rated 1evé] of
18 volts. This level results in the most cain per package. IFr0m the
32 volt Teve] reduired to operate the limiter, the 22 volt 1evef is
obtained from the 2N2959 emitter follower and zener diode configuration
'ihdicated in Figure 2.2. "For use in the prototype, pin 1 on the first

package was terminated in 50 9 to match the siagnal generator. Also,
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pir. 5 on the second package had the same R-L arrangement as pin 6.
Point by point measurements showed that there was a 2 dB variation
in gain over the range of 60 - 100 MHz and a gain of approximately
23 dB per package with an input level of -50 dBm. A cascade of three
of these packages is needed to zdequately drive :che power amplifier
for inputs at -70 dBm.
2.3 POKER AMPLIFIER DESIGN

Preliminary considerations for this stage suggested that 2
push-putl arrangement would be desirable since both outputs of the
MC1590G could be used. However, subsequent prctotyping and testing
of such an arrangement indicated that the necessary gain and required
bandwidth could not be obtained. This was largely due to the problem
of effectively fabricating transformers at these frequencies.

Instead of the push-pull arrangement, only oin 6 is used to
drive a feed-back pair of 2N918 transistors in the arrangement_shown
“%ﬁﬁFénge 2:5177Thé des%én 6f.such a stage is reasonably straight-
forward and can be easily developed experimentally as was done here.
The 2.2K0 resistor in the collector of the input transistor serves
mainly as a bias resistor and its value is not overly critical. The
value of 330 @ in the collector of the output transistor was chosen
to provide a 300 2 output level for the limiter and the value of
180 @ in the base of the input transistor provided the best match to
the pre-amplifier output. It wﬁs found that providing some series
feedback in the emitter in addition to the shunt feedback of a 470 o
resistor provided the necessary power to drive the limiter over the

Vfrequency range of interest. It was found that this stage when
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prototyped provided an additional 13 dB of gain to the signal
appearing at the output of the preamplifier wﬁén biased at 22 volts

as shown in Figure 2.2. | |

2.4 FIRST BAND-PASS FILTER

2.4.1 Design and Analysis

_ In order to arrive at a suitable design for the first band-pass
fiiter, the fo]iowing parameters must first be specified: selectivity,
- center frequency, upper and lower cut-off frequencies, acceptable
pasSband ripple and impedance level. The selectivity-is first
determined. In order not to have too many elements and a high pass-
band insertion loss, a specification of 30 dB attenuvation at 120 MHz
was chosen. It will be seen later that this taper along with the
tépers of the branching network and second band-pass filter are
‘adequate to provide the necessary 30 dB attenuation at adjacent band
‘ edges. The center frequency is 80 MHz and the upper and lower cut-off
‘Frequenéies are 98 MHz and 62 MHz respecti&ely. The passband vipple
should be .01 dB to provide a smooth passband response and the
impedance level is 50 @ to match the mixer. .

Applying the methods outlined in Appendix 7.1.3, it was determined
that a filter having these specifications must have 4 resohators with
the element values indicated in Table 2.1. This fiitér is shown
schématica11y in Figure 7.1.12. It must be noted that a slight impedance
transformation takes place, since the required terminating resistanée
is 55 @. This terminating resistance is realized in a 56 @ resistor

which is connected between pin 1 of IC number 1 and ground.
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TABLE 2.1 Element Values for First
'Band-Pass Filter

Resonator L c
. L N
1 - .06614 ~ 63.0316
2 .25634 ‘35.7118
3 .03568 116,827

4 . 14316 29.1212
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2.4.2 Performance

The filter was constructed using hand wound inductors and stodk
value silver mica capacitors. The inductors were fabricated with #30
wire using 22 M2 1/4 watt resistors as the form and applying thewformu-
1aé of Grover (15) to determine the number of turns. The completed
inductors were then tésted on a phase meter according to the method
shown in Appendix 7.5.2 and the turns spacing was adjusted to provide
‘the required inductance. For the required capacitance values, ﬁara11e1
‘combinations of not more than two fixed capacitors were used to attempt
to realize as closely as possible the values indicated in Table 2.1.
In practice these values can be realized to an accurancy of 5%.

.Subsequent swept measurements indicated that some trimming was

needed to tune up the response. It was found that the best f85ponse'
was obtained using values shown in Figure 2.2. This arrangement |
gave a reasonably flat amplitude response with about a + .5 dB ripple
over the passband. At 62 and 98 MHz the response was down 1 dB. Due tb
the lack of sensitivity 6f our Eqﬁipment we were unable to effectively
ﬁeasure out-of-band response. Although this response is somewhat
different from the calculated response, one must consider that these
filter designs are based.on loss free considerations.(i.e. infinite Q
inductors and capacitors). Also, we are not able to realize the
preéise values of required inductance and capacitance. Furthermd?e,
there are parasitic effects which are hard to account for. |
- 2.5 SECOND BAND—PASS FILTER -
"'2.5.1' Design and Analysis
The selectivity of this filter is specified by the performance of

the branching network filters and first band pass filter. Together,



22

both of these filters provide 60 dB of attenuation at 120 MHz. A
brief graphical analysis givén in Figure 2.3 shows that if an
attenuation of 30 dB at 110 MHz +>r the second band pass filter is
specified, there will be a tota® of 30 dB of attenuation at 52 and
102 MHz as desired. The center frequency is 80 YHz with upper and
lower cut-off frequencies of 100 and 60 MHz. The pass band ripple
again is to be .01 dB and the impedance Tevel is 100 @ to match

the biasing resistance on pin 6 af the IC package..

Applying the methods of Appandix 7.1.3, the number of resonators
required is found to be 7. The required values of inductance and
capacitance are found as outlined in Appendix 7.1.3, also. Assuming a
configuration of the form shown in Figure 7.1.9, the resonators
should have values of L and C as indicated in Tanle 2.2. On this
structure, the input and output impedance are each 100 5.

2.5.2 Performance

'Thi§7¥%1iér, like the Fi%gi Eand;baéé ffoé;,“wég éoﬁéfruéfed_”-ﬁ
with hand wound inductors and stock capacitors. Initial swept
measurements indicated that some trimming of component values was
necessary to tune up the response. By altering capacitor values as
shown on Figure 2.2, an equi-ripple response of + .5 dB between 62 and
98 MHz was obtained. Again, it was difficult to effectively measure
the out-of-band response due to the lack of sensitivity of our
equipment.

As before, the difference between the response predicted by the
design equations and the actual response can be attributed to lossy
elements, inability to obtain the exact reguired value for a given

element and parasitic effects.
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Table 2.2 Element Values for Second
‘Band-Pass Filter

Resonator L C

B M Pf
1 and 7 .13314 31.7095
2 and 6 .55403 7.6200
3 and 5 .06070 69.556]

4 64780 6.4969
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2.6 MIXER DESCRIPTION
The mixer used td down ¢onvert from L-band to the 80 MHz
IF is manufactured by Merrimac Research and Development Inc.
It is their model DMF-2A-750 "Flat Pack" subminature mixer which has
specifications as given in Table 2.3. The device measures .13 X .50
Q .38 inches and has 8 pins, three of which serve as connections fof the
LO,RF, and IF respectively. The rest are connected to ground. Figure
j2.4 shows the schematic diagram =f this device as furnished by |
Merrimac. The hot carrier diodes are arranged in a monolithic IC
QUad. ’ | ,
‘Subsequent testing showed that the mixer was.within its advertised
specifications. Figure 2.5 shows a plot of LO to RF port
isolation as a function of frequency. |
2.7 OVERALL PERFORMANCE OF THE IiF AMPLIFIER
Driving thé ir amp]if{er froh the output of the mi#er, measure-
ments were made on the input impedance to the mixer., minimum detectable
~signal, Tinear dynamic range, two tone intermodulation products,A
_and'the frequency response. A1l of these measurements are referenced
to the input of the mixer. At the output of the amplifier, a 300 ¢
“to 50 @ resistive L-pad was used to provide about 20 dB of attenuation
and the appropriate impedance match to the 50 measﬁrement system.
~ The RF port to the mixer ﬁés matched expéfimenta]]y with é 1 pf
capacitor to ground across the RF input line to the mixer. This
resulted in a return loss of more than 15 dB over the range of 1.0 to
1.4 GHz és shown in Figuré 2.6. Figure 2.7 shows the Smith chart

representation of the input jmpedance ndrmaIized to 50 9 over the same
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Table 2.3 Mixer Performance Specifications

Frequency Range

RF and L0
I.F
Isolation
LO - RF
Lo - IF
RF - IF

Conversion Loss
Compression {1 dB)
Impedance (Nominal)
Local Oscillator Drive
Max. Input Power

N.F.

Weight

50-1500 MHz
DC - 1000 MHz

25 ¢B 500-1500 MHz
20 d8 500-1500 MHz
15 d3 500-1000 MHz

9 dB
0 dBm
50 @
+10 dBm
+17 dBm
9 dB + 1 dB

2.8 grams
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Figure 2.4 Basic Mixer Schematic
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Upper Trace is 0 dB Reference

Vertical Scale: 5 dB/cm

Horizontal Scale: Trace Begins at
1.0 GHz and Ends

at 1.4 GHz

Figure 2.6 Return Loss of Mixer Input as a
Function of Frequency
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Figure 2.7 Input Impedance to Mixer Over the
Frequency Range of 1.0 to 1.4 GHz
Normalized to 500
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frequency range. As can be seen, the input impedance is nominally
betweén 50 2 and 75 . At 1‘GHz, the input is about perfectly matched
to 50 @. In a similar manner, the LO port is matched by slightly
widening the input line to obtain a nomina1 returﬁ loss of 10 dB.
The minimum detectable signal at the mixer's input was found
to be approximately -86 dBm. A plot of outbut power as a function of
input power as shown in Figure 2.8. Curve A is the measured response.
'The'output wideband noise level ié -2.67 dBm and affects the dynamic
~response at low Tevels. Curve B shows the equivalent linear dynamic
rangé if no noise weré present. From Curve A it is apparent that the
range of linear operation is between -65 dBm and -52 dBm. Operation
into the nonlinear range, as will be seen later, can result in
higher intermodulation distortion than Operatipn in the 1jneaf range.
- In order to study the effects of intermodulation distortion,
two signals (tones) were fed simu]taneous1y into the RF port of
| the mixer. One tone, fmb’ at 1240 MHz, produces the desired 80 MHz
IF while the other tone, fint,was varied between 1220 MHz and 1260
MHz. to produce intérferring signals in the 60 to 100 MHz IF band.
A spectrum analyzer was then used to measure the resulting spurious
51gna1s. Figure 2.9 shows the power levels of the fesulting sﬁurious
signals relative to the level of fmb plotted as a function of their
frequency for three different levels of fines The desired siéna]
fb is at a level of ;50 dBm, the point at which the amp]ifier‘begihs-
to saturate. The level of f was then lowered to -55 dBm. Tt vas
fouhd that spuriouélsignals are not detectable if fint wekelmuch

below -55 dBm, as is shown in Figure 2.9. As can be seen, operation
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Vertical Scale: 1 dB/cm

Horizontal Scale: MHz as Marked

Figure 2.10 IF Amplifier Frequency Response and
Response of Diode Detector
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of thé amplifier into the nonlinear region produces considerable
intermodulation prodﬁct levels.

The overali frequency response from the input to thé mixer to
the output of the IF amplifier as measured on & network analyzer is
sﬁown in Figure 2.10. This response was obtained for an input level
of -55 dBm. The trace below the response curve represents the‘nefwork
anaTyzer diode detector's characteristic. As can be seen, there is a
+ .5 dB bandwidth of 36 MHZ which meetslthe specifications for the

IF amplifier.
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3. _DEMODULATOR AND QUTPUT AMPLIFIER

)

3.1 INTRODUCT ION

This section presents an analysis of and =et of design criteria
for an FM demoduiator having a 40 MHz bandwidtr operating over a
range of 60 MHz to 100 MHz with center-frequency of 80 MHz. Also
presented is the design of a 5 MHz baseband output amplifier. The
demodu1§tor consists of three bzsic components; a wideband limiter,
a low pass filter and a wideband discriminator.

We shall first discuss the Jdesign of the wideband limiter
which is to have an operating bandwidth of at Teast 40 MHz and a
10 dB dynamic range. Next, a lTow pass filter which nrovides
suppression of the unwanted harmonic frequencies generated by the
lTimiter is considered. Then an FM discriminator which has & virtually
linear DC output characteristic over the operating frequency range
is discussed. The last component considered is the baseband
amplifier which is used to provide 1vpp into 75 from the discrimina-
tor's output. The performance of the entire demodulator is also
described.
3.2 WIDEBAND LIMITER
3.2.1 Design and Analysis

For the receiver, a two stage limiter was chosen. Each stage
has a configuration shown in Figure 3.1. For quiescent D-C
conditions one can write:

0=V - Vpy -

0= Vg - Vpy - I3 Ry

(3.1)

5 (3.2)



Figure 3.1
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Basic Limiter Configuration
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where VDl and VDZ are the diode voltage drops. The quiescent

voltage appearing across R, (and Rz) is:

vy - s - Ym

1 2 (R, * R,J R (3.3)
] 2’ "3
R, R
12

Since V1 and VZ represent the voltage at which the limiter clips the
incoming signal, this voltage is called the 1imiting voltage and is
denoted by VC. It should be noted that Equation (3.3) does not take
into account the effects of an actual load on the output. To
compensate for this effect, R, must be replaced by Rz‘ in Equation
(3.3) such that:

. RR

R, = =S—m 3.4
2 RL+R2 ( )

where RL is the load resistance.
An AC signal is now applied to the input. The reactance of

€, and 02 is neglected. The amplitude A of the input signal is

1
always taken to be much greater than VC. In its positive half
cycle, the input signal is clipped by the diode D1. Similarly, the
negative half cycle is clipped by the diode DZ' Hence, the output
of the limiter will be a modified trapezoidal wave as showh in
Figure 3.2.

Since the diodes act as switches, the input and output
impedances vary with time. Assuming a sinusoidal signal, of
amplitude A, it is seen that when it is between —Vc and VC both
diodes are on and the input and output impedances are the
parallel combination of RT’ R2 and R,. The time during which the

3
input signal exceeds VC, D1 is off and D2 is on. Here the input
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Figure 3.2 Limiter Input (Dotted Line) and Output
(Solid Line) as a Function of
8 For One Period
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impedance 1is R] and the output impedance 1is R2 in parallel with R3.
When the input signal is be16w -VC diode D1 is off, but Dé is on.
Now, the input impedance is R1 in parallel with R3 and the output
impedance 15 RZ'

This rather complicated result is simplifed as follows. If
A>>VC, as is intended, and if R3>>R1 and R3>>R2, then the input
and output impedances are effectively R] and RZ’ respectively.

3.2.2 Single Stage Prototype

To test the design concepts, a prototype single stage limiter
for operation at 502 was built and tested. The results indicated
that such a configuration would make an effective limiter. A
single stage limiter was then constructed to operate at an impedance
of 300q, the intended impedance level for a limiter suitable
for use in the receiver. Applying the basic design equations, a
single stage prototype is obtained with R1 = R2 = 330%, C1 = C2 =
001 nf, Ry = 1.2Ke and C3 = .01 uf. The limiting voltage was
chosen to be .5 volt and the required value of VB was 8.65
volts.

To evaluate the quality of operation of this limiter, measure-
ments were made on the change in output power for a given reduction
of input power at the channel center frequency (80 MHz). The results
of this measurement are shown in Figure 3.3. The 0 dB level of the
input corresponds to 13.6 V¥p-p while 0 dB on the output is equivalent
to .84 Vpp.

As can be seen from Figure 3.3, there is about a .2 dB change

in the output for a 1 dB change in the input in the Timiting region.
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Based on the performance of existing systems, this is not sufficient
1limiting. For a system simiiar to this one it was decided that for

an input variation of 1 dB the output should not change by more than
,083 dB over an input range of 12 dB (6). Since this specification

could not be met with only one stage of limiting, the use of a

two stage limiter was indicated.

3.2.3 Construction of a Two Stage Limiter

The two stage limiter used in the receiver is actually two
single stage 11miters tied together by a single transistor
amplifier,

The second limiter stage is essentially the same as the 3002
orototype just discussed; the circuit element values are identical.
However, V. is now specified to be .8 V and VB? 22 VDC.

A stage of amplification between the first and second stages is
provided to produce hard limiting in the second stage. If the ampli-
fier is driven hard enough it should also provide some additional
Timiting. A schematic of the amplifer is shown in Figure 3.4. Due
to the wide variation of 8 for the 2N918 transistor, it is impossible
to accurately predict the gain of this stage. Therefore the choice
of bias voltage and resistors is determined experimentally. The

following values were used:

R] = 1.8K& V] = 22 VDC
R2 = 1.,2K% VZ = 22 ¥DC
R3 = 2.2K
R4 = 2.2K%

The purpose of'R1 and R3 is to 1imit the DC current while the gain is

controlled by RZ' Resistor R4 is necessary to drain off charge on the
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cabacitor at the output of the first limiter to permit normal
transistor operation. Using the above values of bias voltage and
reéistance, the overall gain was found to be nominally 6 dB over
the frequency range of interest. The amplifier was tested by driving
it from the output of the first limiter and terminating it with the
second limiter,

In order to obtain a low source impedance to drive the amplifier,
R, is chosen as 1009 in the first 1imiter. At this level, the output
impedance is not so low that too much current will be drawn from the
limiter. For a 3002 limiter input impedance level, Ry = 3300, Since the
amplifier has an input inpedance of about 400q, it is safe to assume
that it does not load the output of the first limiter too hadly.
Hence, with R3 = 1.2Ke and VB = 2 2V we have VC = ,75Y.
3.2.4 Performance

The complete two stage limiter's performance was tested as before.
In Figure 3.5 the results of this measurement are shown. As can be seen,
the linearity is within our requirements. The output changes by about
.83 dB for a 10 dB change of the input. Figure 3.6 shows a photograph
of the limiter's output at 80 MHz. Since the output specifications that
we are most interested in are those obtained at the output of the Tow
pass filter which follows the second Timiter, we will defer further com-

ment on limiter performance until the filter design is discussed.

3.3 LOW-PASS FILTER
3.3.1 Specifications

Due to the adverse effects of the higher order harmonics on the
performance of the discriminator, a low pass filter is needed at

the output of the limiter. The out-of-band attenuation characteristics
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of the filter will be specified by the harmonic content of the Timiter
output. Theoretically, if Vé<<A, the output wave will be trapezoidal.
In a Fourier analysis of such a wave, the coefficients Bn represent

the amplitudes of the fundamental, second harmonic, third harmonic, etc.
In appendix 7.4, a Fourier analysis is performed on a trapezoidal

wave. The coefficients are;

B, =2 [Emtc - 1/2 sin Zwtc] (3.5)

Bn = g {n even) : : (3.6)
o -

Bn = = C0S ncgtC {n odd) (3.7)

ot = sin”! ("c/A) | (3.8)

Ysing the experimental techniques outlined in Appendix 7.5 the
acutal harmonic content of the limiter output was determined. The
results are given in Table 3.1. Also given in this table are the
theoretically predicted values as obtained from equations 3.5-3.8 with
'VC = .75Y¥ and A = 6 Vpp. The presense of second, fhird and fourth
harmonic is not surprising considering the actual shape of the output
waveform (see Figure 3.6). The preéénce of the even harmonics 1s
probably due to the more pronounced effect of the junction capacitance
of the diodes at this impedance level. The third harmonic is at a lower
than predicted Tevel largely due to parasitic reactions.

From the results of the harmonic content, it is now possible to specify
the amplitude taper of the harmonic suppression filter. From the data
“in Table 3.1 and the photograph of the limiter output, it was decided
that 30 dB suppression of the second harmonic would be reguired.
'3.2.2 Design and Analysis

Using the information presented in the section on harmonic

analysis of the limiter (see Appendix 7.4) it is possible to specify
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Table 3.1 Power Levels of Harmonics in Limiter Qutput

e U .
§ Freq. | Predicted l Actual 1
L MHz Power | Power }
| L
l
j

evel(dB)  Llevel(dB) !

‘Fundamenta1i 60 ! 0 0 %
nd Har. | 120 | - -20
: _ﬂ..,u,..u..,_._,..-,.-“;,,_,..__.w..,.‘.w._.. - i'_ SO
3rd Har. % 180 % -1 P =15 :
{4th Har. ? 240 E - -28
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Vertical Scale: .5 V/cm

Horizontal Scale: 5 nSec/cm

Figure 3.6 Photograph of Limiter OQutput at
80 MHz

7

A

[ ]



49

the cut-off frequency and the amplitude taper of the low pass filter.
Since the Towest frequency of interest is 60 MHz, the Towest second
harmonic is at 120 MHz. From data given in Table 3.1, the second
harmonic of 60 MHz is already down 20 dB from the fundamental. This
means that the filter must provide an additional 10 dB of attenuation
at 120 MHz. Also, we would like to have as small an amplitude ripple
as possible so as not to defeat the purpose of the limiter. Therefore,
a rippTe of .01 dB was selected. Finally, the cut-off frequency
should be somewhat greater than 100 MHz to insure that the amplitude
- stays flat out to 100 MHz and to eliminate the effects of phase
‘distortion at the band edge. A value of 105 MHz is adequate for this |
purpose. |

Applying the methods cutlined in Appendix 7.1.1 we find that in
order to have a ripple of .01 dB, an impedance level of 3009, a cut-
off frequency of 105 MHz, and an attenuation of 10 dB at 120 MHz we

need a total of 9 elements having the following theoretical values:

Ly = Lg = .3705 uh
C, = Cg = 7.2136 pf
Ly =Ly = .8209 uh .
Cy = Cg = 8.658 pf
g = .8671 uh

The configuration of this filter is of the form shown in Figure 7.1.2 in
_Appendix 7.1.]
3.3.3 Performance _

The filter was built and tested using standard values 5f 7/ pf for
the 7.2136 pf value and 9 pf for the 8.658 pf value. The inductors

were hand wound with number 30 wire using 22 Mg 1/2 watt resistors
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as forms. The number of turns required were computed from tables pro-
vided by Grover (15). The response of this structure is shown in

Figure 3.7 where the insertion Toss is plotted as a function of

input frequency. For purposes of comparison, theoretical plots of the
same structure allowing .01 dB and .5 dB ripple are shown also. Further
comment on this comparision is contained in Section 7.1.3.

Several things must be recalled when looking at this data. First,
the termination is a purely resistive value of 300n, the correct ter-
mination for this filter. Secondly, where we have indicated 0 dB,
there is in fact some insertion loss which is difficult to measure result-
ing from the use of a pad to transform from 300a to the 500 measuring
system. Finally, these characteristics will change somewhat when the
filter is driven by the limiter and terminated by the discriminator.
These effects will be studied more closely when the overall performance
is considered.

To evaluate limiter performance including the filter, two types
of measurements were made. First, a set of measurements were made on
the dynamic range at 60 MHz, 80 MHz, and 100 MHz. In Figure
3.8 we have plotted the output power as a function of the
input power for each of the three frequencies of interest. The other
measurement was on the output linearity as a function of input frequency.
The results of this measurement are shown in Figure 3.9. As can be
seen, the output is virtually a straight line from 74 MHz on. However,
at the Tow end the output starts to peak up. This effect is probably
~due to parasiticreactances and impedance mismatches at the input and
output to the filter. It will be shown later how this nonlinearity

can be tuned out.
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3.4 WIDE BAND DISCRIMINATOR
3.4.1 Design and Analysis
Having considered the Timiter and filter in great detail,
attention will now be given to the design and analysis of wideband
discriminator based on a device described by Lee and Seo {(16) (17), which
consists of a bridge composed of two A/8 lengths of transmission line
one open circuited, the other short circuited. The circuit diagram
is shown in Figure 3.10. Assuming lossless lines, the input impedance

of the open and short circuited lines are:

Zsh = j Z, tan 8 {3.9)

loc = =1 Iy cot o (3.10)
where:

Z, = characteristic impedance of the line.

8 = o/t = 2x(2/2).

A = wavelength of the input

£ = length of the line.

L = inductance per unit length.

C = capacitance per unit length.

i

w angular frequency of the input.

The output voltage of the discriminator can be expressed as
Vg = n](|v]|- |V2l) - (3.11)
Vo= mVipl(1 + y2 cot? o) e - (1 42 tan?e) V2] (32)

where:

n constant related to the diode characteristic

v

]

in amplitude of input signal
|Vq] = voltage at the output of the short circuited Tine.
| Y

1]

2] voltage at the output of the open circuited Tine.

it

Y R/Z, = input resistor constant
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Figure 3.10 Basic Discriminator Confiquration
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R = input resistor
The sensitivity of the discr}minator is expressed as avoxae. We
desire the value of y that gives the most sensitivity and greatest
output linearity. From Lee and Seo (17), the greatést linearity is
obtained with vy = .833 and the greatest sensitivity for y = 2. Let
us consider a choice of vy = 1. Now equation 3.12 reduces to:

v, =V

o (Isinol - [cose[) n, (3.13)

in
Notice that the cross-over point (Vo = 0) occurs when 8 = 45° or
% = A/8.

This transmission line discriminator is easily implemented at
80 MHz by replacing the shorted and open circuited 1ines with their
Tumped efement circuit equivalent. Assuming Tossless lines, these
lumped element equivalents are as shown in Figure 3.11. For the
purposes of analysis, let us neglect the diodes. Then we can write

the input impedance to the discriminator as:

(R + Z]) (R + ZZ)

Zin = ZRF 77 (3.14)

where Z, is the input impedance to the open circuit equivalent and
ZI the input impedance of the short circuit equivalent. Also:

(mLZ - ]/mCS)

Zp= [Tl = TT7aC, * 17aC,)T ok, (3.15)
[J.]L

2, = i (3.16)
0 L]C 1- 1

The theoretical discriminator characteristic apnears as shown in
Figure 3.12 where w, 15 the center frequency and W is the cut-off
frequency of the short circuit equivalent which is simply a Tow pass

filter. Therefore, we can express w, as:
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L]CI ) (3.17)
Fufthermore at w,» ¥, = 0 and [21] = IZZ" Since Z; and Z, are
pure imaginary we can write
2 _ 52
Z.l = 22 (3.18)
For C = C1 = 62 = C3 and L = L] = L2 we have;
: wlre -1\’ (L)
_— r——— = 3 5 (3.19}
\w wyLC ~ 2 (w,"LC - 1)
Multiplying through, this reduces to:
20 M%7 - 4, Ac+1 =0 (3.20)
0 0
‘So1ving for Wy
A - Vo,
uio = _____-___E-’_[_g = LB__ﬂ (32])
‘ vLC A.C
Finally, the characteristic impedance is given by,
z, = L/C - {3.22)

Using equation (3.21) and (3.22) it is possible to determine
what the equivalent Tumped values of L and C should be by specifying

the center frequency and the impedance level ZO:

Z .
L= (.541) -8 (3.23)
0
¢ = (.581) Ly (3.24)
0 O

"The correct values of R3 and C4 necessary on the output will be deter-
mined by the desired basebandwidth. For a television baseband channel
at least 4.5 MHz is needed. If fd is the freguency at which the

signal is down 3 dB than Ré Cy s determined by:
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R3 04 = 1/2nf, ‘ (3.25)
3.4.2 Performance '

A prototype discriminator with a center frequency of 80 MHz and a
characteristic impedance of 500 was built. The design values are L =
.054 ph and C = 21.5 pf with RT = R2 = 470. A theoretical plot of out-
put voltage normalized to the input level was made with respect to input
frequency for these values of L and C. The results indicated a virtually
linear response from 60 to 100 MHz as shown in Figure 3.12.

The prototype was breadboarded using 22 pf for C. The indicators
were hand wound according to methods outlined in Grover (16). VFor the
autput Tow pass filter, R3 = 220 ko and 04 = 300 pf. Performance of
this prototype indicated that such a configuration would make a suitable
discriminator.

3.4.3 Performance of 3002 Discriminator

A 3009 discriminator suitable for use in the receiver was then
implemented. Using the design equations, the appropriate values of L
and C for a discriminator with ZO = 300% and fD = 80 MHz are L = .324 uh
and C = 3.58 pf. To compensate for component tolerance, etc. it was de-
cided to let C3 be adjustable. In the actual circuit, values of L =
.330 yh and C = 3 pf were used. Also, R

= R, = 3000 at the input. To

1 2
obtain the 5 MHz base bandwidth, R3 = 2.2KQ and C4 = 12 pf are used in
the output circuit.

Upon attempting to test this circuit, it was found that due to the
parasitic capacitance of the circuit and the diode junction capacitance
adequate performance could be obtained by removing the two fixed capaci-

tors in the open and short circuit resonators and leaving only C3 for

the purpose of adjusting the center frequency to 80 MHz.
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A constant amplitude signal of 1 Vpp was fed into the input and
data was collected in the OC butput as a functfon of input frequency
giving us the characteristic which is shown in Figure 3.13. Data
related to the performance of the open and shorted resonators is
presented in Figure 3.14. If such curves are linear then the output
characteristic must be linear also. Examination of each curve
separately will tell the performance of each resonator and determine
its effect on the overall performance. As is expected, both curves
are fairly linear and the differences between them at each point
compare closely wifh the resuits in Figure 3.13. In Figure 3.14,
|vsc[ is the magnitude of the voltage at the output of the short
circuit resonator and {VOCI the output of the open circuit resonator.
3.5 OVERALL PERFORMANCE

Previous testing has indicated that we have a usable
Timiter and discriminator. The problem is to now make them function
effectively together. Point by point measurements indicated a fairly
linear output response from 60 to 82 MHz. Beyond 82 MHz, the slope
of the discriminator output began to fall off. This indicated that
the limiter output was more frequency dependent when driving the
~discriminator then when driving a purely resistive termination.
with_the demodulator connected to the IF amglifier and miker,

- swept measurements were made of the linearity of the output of the
discriminator. These too revealed that the output fell off slightly
~above 82 MHz. Observing the separate outputs of the short circuit
resonator and open resonators yielded some interesting results.
First, there was some rihplé on the separate curves which tended to

cancel when they were added together. Also, the output of the short
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circuit resonator was about 1/2 that of the open circuit resonator
and considerably more non-Tinear. Further investigation revealed
that the low pass filter at the output of the limiter had a nominal
insertion loss of 2 dB.

By replacing the inductor in the short circuit line equivalent and
the L-C resonator in the open circuit line equivalent with 3002 resis-
tors and observing the separate outputs we have an indication of the
overall response of the_entire system. Figure 3.15 shows the
response of our system when the resonating elements are replaced by
3009 resistors. The base line indicates the zero voltage reference.
As can be seen, there is considerable ripple, and the output falls
off above 85 Mhz.

By adjusting the values of fixed capacitance in the low-pass
filter the response could be adjusted as shown in Figure 3.16, to
reduce the insertion loss of the filter to a few tenths of a dB
over the pass band.

Having considerably improved the overall system response, the
reactive elements were reconnected. As expected, the trimming of
capacitors values in the filter greatly improved the output
characteristic. By trimming the bias voltages on the limiter the
output of the discriminator was linearized. The resulting output
is shown by Figure 3.17 which is a plot of the discriminator output
voltage as a function of input frequency.

In order to study the e?fect of input Tevel on the output

characteristic, a set of measurements were made at various input levels
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Vertical Scale: 50 mV/cm

Horizontal Scale: MHz as Marked

Figure 3.15 System Response at the Qutput
of the Limiter-Filter
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Vertical Scale: 50 mV/cm

Horizontal Scale: MHz as Marked

Figure 3.16 System Response After Tuning
Limiter-Filter
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as shown in Figure 3.18. As can be seen the output linearity starts
to deteriorate below input lévels of -55 dBm. This is well within
design specifications,since the expected levels from the output of
the branching networks are nominally -50 dBm. These results indicate
that the entire system is working properly. We must now consider the
desfgn of an adequate baseband output amplifier.
3.6 BASE BAND QUTPUT AMPLIFIER
3.6.1 Design and Analysis

Connected to the output of the discriminator is a differential
amplifier which takes the double ended output of the discriminator
and converts it to a single ended output at a level of 1Vpp into 756.
The circuit diagram of the amplifier is shown in Figure 3.19. In
order to prevent video bounce, we must have a response that extends
down to DC. Therefore, the amplifier must be directly coupled to the
discriminator. This arrangement presented some problems for proper
operation of the discriminator.

Originally, R3 and R]O were not part of the circuit. At this
point the output was found to be badly distorted. Examination of
the individual discriminator outputs at the input to the amplifier
revealed that they no longer crossed at the 80 MHz center frequency.
The reason for this was due to the biasing on the bases of Q] and
Q2. It became apparent that some adjustment to the biaéing of Q]
and Q2 was needed to return the outputs of the discriminator to the
80 MHz crosscver point. This was accomplished by the addition of
the bias resistors R3 and R]O’ their values being determined experi-
mentally. Adjustment of R3 along with the bias voltages allowed us

to center the output about 0 volts.
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Figure 3.19 Output Amplifier Schematic
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The input impedance is controlled by R1, Ré and R3. The overall
gain df the circuit is appraximately the ratio of Rg to R7. To
eliminate loading the discriminator outputs as much as possible we
wou]d like to have a fairly high impedance but not so high as to
limit the basebandwidth to a value below 5 MHz. As can be seen from
*Figure 3.19, the input impedance is1.5Ke and the gain should be about

10.

Fromquiescent analysis, it can be shown that, in general, for
a configurationof this type Rp = 2 R4. The actual values of these
resistors are not critical. Values of 1.2Ka and 2.2Ks for Ry and Rs

" respectively, were chosen, |

The value for R9 is determined from the maximum negative level
needed, -.5V in this case. At this level, the load draws about
6.67 mA. A DC analysis shows that a value of about 6802 is a good
choice to allow this point to go to at least -.5V.

The purpose of R6 is to prevent the immediate destruction of
03 in the event of ashort circuit on the output. The diodes Di
and D2 insure that Q3 will not be cut-off anywhere over the rahge of
output voltage from -.5V to +.5V.

The transistors used are ZN918 and the diodes are 18914,

An oyera11 schematic diagram of the output amplifier and demodulator
is g{ven in Figure 3.20. As can be seen, Zener diodes are used to
develop the different bias voltages from one + 32 ¥ supply. |
3.6.2 Performance

In order to test the performance of this circuit we operated it
asa pulse amplifier. A1l measurements were made with input v, grounded

and input V1 connected to a fast rise time pulse generator. Subseguent
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testing revealed that the output had a 10 to 90% rise time of about
45 nsec. Delay between inpdt and outout is about 5 psec and the |
single ended gain is approximately 7. Swept measurements of the
outpﬁt of this amplifier when driven by the discriminator showed that
we could get about 1.2 Vpp iﬁto 750 with no Toss of linearity as is
éhown in Figure 3.27. In Figure 3.22 a family of output curves is
presented for differing power levels at the input to the

mixer.
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4. BRANCHING NETWORK

4.1 INTRODUCTION

This chapter is devoted to the design and theoretical prototype
pérformance of the branching network. This network must be able to
accept the twelve 40 MHz wide contiguous channels which are avajlable
at the output of the front end converter and distribute them to the
appropriate baseband receivers. Consideration is first given to
the desired characteristics of the individual channels, including
a discussion of the required selectivity, allowable passband ripple
and the amount of reverse isolation needed. This is followed by a
~ discussion of the appropriate design of the channel dropping filters
themselves. A suitable method for manifolding the filters is deter-
mined which will keep filter interactions to a minimum and provide
an input which is compatible to the front end converter output.

The band pass specifications, selectivity, and reverse isolation
of each channel are now considered. In order to gain some perspective
about the type of selectiyity and passband specifications needed for
our system, Tet us first consider the specifications for two systems
with requirements similar to ours. As reported by Comsat (18),
Intelsat IV has a twelve channel input branching network, each
channel having a 3 dB bandwidth of 40 MHz and a .5 dB bandwidth of
36 MHz with < .1 dB variation over a 32 MHz range. Leakage from
adjacent channel centers + 40 MHz away must be 50 dB below the Tevel
of the desired signal at the channel center frequency. RCA (7)

describes a 24 channel system with quite similar requirements.



77

As described in Section 1.3 we have 12 channels each requiring
a minimum usable bandwidth o% 36 MHz and a 3 dB bandwidth of 40 MHz
with adjacent band centers 40 MHz apart. Since there is additional
filtering after the sécond hixer, there is no need to place as
strenuous a requirement as RCA or Comsat on our out-of-band taper.
Hence, we have opted for 30 dB attenuation of adjacent bandcenters.
As was shown in Section‘2.4, this taper, coupled with the tapers of
the two IF band-pass filters, was able to provide 30 dB of suppression
‘at the adjacent channel band edges. It is desirable to minimize the
pass band ripple but still have as few elements per filter as possible.
We found the value of .7 dB to be the best bompromise for passband
response.

Unfortunately the LO frequency for the mixer of each ;haﬁné]
‘corresponds to the RF center frequency of the next-to-adjacent channel.
In order to prevent interference between the L0 Teakage from the next-
to-adjacent channel and the FM signal of interest for the given channel,
the LO leakage Tevel should be no more than the minimum detectable
signal of the amplifier which is -86 dBm (see Section 2.7). -Assuming
g that the LO Tevel is +10 dBm, the Teakage signa]_is'at a level of -20
dBm (see Figure 2.5). This means a mfnimum'of 66_dB reverse isolation
is required al the channel's L0 frequency for each filter as shown in
Figure 4.1. The means of imp]ementfng this isolation are discussed in
Section 4.2, .
4.2 CHANNEL DROPPING FILTER DESIGN AND THEORETICAL PERFORMANCE

- Initial consideration had been given to using stagger tuned

' amp]ifiers.to implement fhe channel dropping filters. This arrange-

ment has several important advantages. First, instead of a net
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insertion loss as would be the case if passive elements were used,
a net insertion gain coqu.bé realized. Also, each transistor
stage could provide a broadband reverse fsolétion of 20 dB. However,
'hre]iminary calculations showed that a minimum of 5 stages would he
needed to.obtain the desired response. In view of the cost of
implementing such a structure, it was felt that a more conventional
approach be tried. |
Subsequent investigations revealed that use of side coupled

half-wavelength (1/2) resonators implemented in stripline presented
the best solution based on overall economy and ease of imp1ementation.
An example of such a structure is shown in Figure 4.2, Matthaei
et. al. (19) give step by step methods for determining the dimensions
of the resonators and their spacing. For our purposes it was
found that the nomograms supplied by Matthaei did not have sufficient
accuracy for determining the dimensions. For this purpose, T. Monsees
has implemented a FOCAL program using a Fibonacci search and |
polynomial representation of theelliptic integrals in Matthaei's
equatidns 5.05-1 and 5.05-4 to accurately determine the dimensions.
Usé of this program is explained in Appendix 7.6 of this report.

:By applying the methods outlined.in section 7.1.3; the number
of resgnators is first determined. For a passband ripple of .1 dB,
bandwidth of 36 MHz and attenuation of 30 dB, 40 MHz from the band
center, at least 5 resonators are needed for each filter, |

In order to get some idea as to the difficulties encountered

when attempting to physically realize these filters, a prototype design

for use at f, = 1240 MHz, the bandcentef, is considered. This filter
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is to be fabricated on 3M* type GX-060-55 1/16" thick "Cu-Clad"
board which has ¢. = 2.56. Applying the methods of Section 8.09

of Matthaeiet. al. {19) the values of even and odd mode impedance.
for each of the resonators are first compﬁted. Then applying the
methods of Section 5.05 of Matthaei and Appendix 7.6 of this report,
the filter dimensions are obtained as shown in Table 4.1.

All of thésé filters are symmetric devices. Hence, based on the
.forward-characteristics of 40 dB attenuation 40 MHz away from band-
centers, they should be able to provide at least 60 dB of iso]atién
to the LO leakage from the baseband channel mixer. An additional 10
~dB of isolation can be obtained with a single transistor amplifier
‘which has a nominal reverse isolation of 20 dB and a forward gain of
10 dB. A standard amp11fier for this is given in Figure 4.3. The
‘operating characteristics for this amplifier are given in Figure 4.4 -
4.6. It should be noted that the amplifier has a nominal gain cf.10
dB and reverse isolation is greater than 17 dB. Input and output
return loss are > 10 dB and > 5 dB respectively. Forward isolation
~ is nominally 8 dB. _

Usfng MICTPT (20) it is poésib1e torsimu1ate, on a computer,

_ the filter itself to obtain its theoretical frequency response as
shoﬁn in Figure 4.7. As can be seen this filter should provide ;T dB
paséband ripple with 35 dB of attenuation 40 MHz from bandcenter and
- an éttenuation of 68 dB 80 MHz from bandcenter. It seems quite

_ possible that the filter alone will be able to provide the necessary

*Trade name Minnesota Mining and Manufacturing Company, M1nneap0]1s,
Minnesota.
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Table 4.7 Dimensions of Parallel Strips
Normalized to b = 1/8 inch

j Wi, i+ $5,3+1 45,541
0 L6500 + .0003 L1739 = .00 .165
1 L7143 + .0007 ‘ 6463 + .0003 . 165
e L7155 + 000 L7318 + .0003 . 165

The length & is a quarter wavelength at the center frequency fo.
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Figure 4.3 Filter Amplifier Schematic
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Amplifier Gain (V: 2 dB/cm)
(Lower Trace is 0 dB Reference)

Reverse Isolation (V: 5 dB/cm)
(Upper Trace 0 dB Reference)

Figure 4.4 Filter Amplifier Gain and Reverse Isolation Over
the Range of 1.0 to 1.4 GHz
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Figure 4.5
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Input Return Loss (V: 10 dB/cm)

Output Return Loss (V: 5 dB/cm)

Input and OQutput Return Loss Swept Over the
Range of 1.0-1.4 GHz with Upper
Trace Showing 0 dB Reference



86

Figure 4.6 Forward Isolation:Frequency Swept from 1.0 to 1.4 GHz
with Top Trace or 0 dB Reference and
Vertical Scale of 2 dB/cm
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reverse isolation. However, these charactefistics are based on
ideal loss free considerations. Ultimately, the need for an
amplifier stage will be determined by the experimentally measured
" characteristics of an actual filter. Even if the reverse isolation
requirements are met, distributed losses in the filters and manifold
may require the need for the extra gain afforded by the amplifier.
4.3 PROTOTYPE FILTER PERFORMANCE
When the prototype 5 resonator filter outlined in Section 4.2
~was built and tested subsequent measurements indicated a response
of the form shown by the experimental curve given in Figure 4.8.
" As can be seen, there is no visible ripple; the response is éomewhat
rounded. The 4 dB bandwidth is 40 MHz and the midband insertion
Toss is approximately 4.2 dB. As will be seen, these results are
the best that can be expected based on our present choice of materials.
Applying methods outlined by Matthaei (19) the expected value
of midband insertion loss is first calculated. The increase in

midband insertion loss due to the finite Q's of the resonators is

given by
C
(8lp)g = 20 Tog (5 + 1)
: 8.686 1 “-
SRR ]
where Cp is obtained from Figure 4.13-2 of Matthaei (19) and
Q= wQ _ (4.2)

where w is the fractional bandwidth and Qu is the unloaded Q of a
single resonator. The Q's of each of the resonators are assumed the

same. In general

%

AT R P YT (4.3)
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where tans is the dissipation factor and QC is the Q due to copper
losses. Q. 1s obtained from Fig. 5.04-4 of Matthaei (19). Applying
Equ. 4.1 - 4.3 to our particular filter, we find that Qu = 251.and
(ALA)O = 4 dB. Allowing .2 dB for connector losses, the measured
value of 4.2 dB is not an unreasonable value of midband insertion
]osé.
| -Since the resonator Q's are now known, it is possible to use
MICTPT (20) to model the actual lossy structure on a computer. In
this manner, the theoretical response shown in Figure 4.8 is
obtained. Also, for comparison purposes; a poin£¥by4point plot of
the experimental response is shown. Aslcan be seen, the shapes of
both the experimental and theoretica] lossy response are similar.
However, the experimental response is shifted down 10 MHz. This
cofresponds to an error of about .8%. This error is not unfeééonab]e
when one considers the work of Cohn (21) who was able to achieve a
~-minimum error of .6% aftek 3 attempts in building a similar stfucture.
This error is largely due to the inability to aCéurate]y determine
the dimensions d., ., as shown in Figure 4.2. It will be desirable
in future designs to flatten out the reéponse somewhat and insure
that the 3 dB bandwidth is at least 40 MHz. However, the response
shape is to a great degree 1imiteﬂ by the resonator Q's.
4.4 MANIFOLD DESIGN AND PROTOTYPE PERFORNHNCE

A suitable manifolding scheme must be realized to distribute the
signals and keep filter interactions to a minimum while providing a
Tow VSHR to the front end converter output. A straightforward
approach ﬁo this problem would be to sb]it the output of the front

end using a 3 dB hybrid with all even and odd channels on separate
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Figure 4.8. Experimental and Theoretical Responses for

Prototype Channel Dropping Filter
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lines. Circulators would be used at the inputs to each filter, In
this way, the filters would béielectrica11y isolated from each other
and their interaction minimized. Also, a low VSWR is presented to
the front end output. This approach, however, is undersirable since
the use of circulators adds to the size, weight, .and insertion loss
of the structure and increases its‘cost.

Edson and Wakabayaski (22) suggest the use of singly terminated
filters appropriately spaced along one "feeder" transmission line.
To prOVide a low input VSWR, adjacent channel band edges are to be down
3 dB. The physical arrangement of the filter is such that the impedance
of the center filter is pure real with all filters to the left of center
providing a capacitive reactance and those to the right being inductive
it the center frequency of the input. These susceptances modify the
origiha1 transmission Tine into two separate regions having opposite
impedance tapers. Although this method avoids the use of circulators,
it does produce other problems. The spacing of the filters along the
feeder line must be determined experimentally. The method is optimum
for channels near the center and breaks down for channels at both'ends.

- A more systematic approach to the design of mulitipiexers is

described by Atia (23). Doubly terminated filters are appropfia;e]y
spaced along a feeder transmission line. The correct spacing is -
détermined by computer optimization to reduce loading effects of near-
by fi]teré, and there is no required crﬁss-over points for adjacent
“bandedges. Optimum performance for all channels can be obtained
withITitt1e filter interaction. Although this method was reported
for a waveguide multiplexer design, the same approach can be applied

to realize similar structures in stripline.



The arrangement of the branching network intended for use in our
receiver is shown in Figure 4.9. The channel dropping filters are
as described in Section 4.2. A 3 dB hybrid is used to separate the
even and odd channels into two separate 50 o distribution lines in
order to reduce the amount of adjacent channel interference. Two
isolators are necessary to provide a low input VSWR for the front-end
converter output and to provide isolation for the even (or odd)
channels rejected by the filter manifold. It may be possible to use
only one isolator at the input if the hybrid provides sufficient
isolation between the two distribution lines. Since dielectric and
copper losses are greater at the higher frequencies, it is desirable
to locate the higher frequency filters nearer the source.

Appropriate line lengths (lj’j+2) between the filters can be
determined by computer techniques. Since the even and odd numbered
filters are to be well isolated, the operation of the entire branching
network is satisfactorily determined by considering either set of
filters. Hence, for analysis purposes, only the odd numbered filters
are considered. The spacings are adjusted such that at its center
freqUency.each filter sees and open circuit looking away from the
source. This process is initiated by first using MICTPT (20) to
find the input impedance to BPF1, at the center frequency for BPF3
(f3). A Smith Chart is then used to determine the length of
line (2]’3) required for BPF4 to see an open circuit at fs when
1ooking toward BPF1. Then the input impedance for the parallel
combination of BPF3 and BPF1 in series with 31,3 is computed at fs.
Again, using a Smith Chart, the appropriate length of line (23,5) is

determined as before. In this manner, the required line lengths are
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determined. Initial calculations yielded 1ine lengths which were too
short to be physically realizable. By adding a half wavelenth'(aslz)
line to the originally calculated length for 23,5 and repeating the
procedure, physically realizable line Tengths are obtained as shown
in Table 4.2, where the guided wavelength lj in inches corresppnding

to the center frequency of the jth filter (fj) is given by:

3x 100  in.

As = ———
I fi/er (2.59) (4.4)

when ey, the relative permitivity of the substrate, is taken to be
2.56 (see Section 4.2). The structure is to be realized as a 50 &
stripline with taps on the line for connection to the appropriate
filters.

In order to test how well this branching network scheme should
perform, M1CTPT (20) is again used to examine the insertion loss of
each filter and the return loss at the input to the manifold as a
function of frequency. The results of this calculation are shown in
Figure 4.10. The out-of-band attenuation characteristics closely
resemble those for a typical filter operating without interaction
with other filters (see Figure 4.7). The in-band return loss is
reasonabie with typical values > 15 dB. The worst case is for BPF1,
which is at the end of the line. Figure 4.11 shows a typical passband
response of the filters used in this scheme. ATthough the response
is not equi-ripple as shown in Figure 4.7, the maximum ripp]e
variation is still only ~.1 dB. Hence, although there is some
impedance interaction with the rest of the network, it does not

appear to seriously degrade filter performance.
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Table 4.2 Line Lengths for Manifold

(Rj, j+2) (Aj+2) Lo a2 [inches]
.0335;\3 .2208
(.0145)A5 + Ag/2 3.1673
(.4710) 2, | 2. 716
(.4292) Ag : 2 330

(.3961) 2,7 2.030
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The results of these calculations indicate that doubly terminated
50 o filters connected at appropriate points along a 50 @ distri-
bution Tine should provide an adequate means of implementing the
branching network. It must be pointed out that the analysis of the
performance does not take into account the discontinuities of the
distribution line where the filters are tapped in. Also, the distri-
bution 1ine and the filters are considered to be loss free. However,
in spite of these simplifications, the analysis does provide enough
1nformation for the synthesis of a first-cut prototype design.
Furthermore, a more realistic model for the manifold could be

implemented in a subsequent design effort.
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5. _CONCLUSIONS

5.1 PRINCIPAL RESULTS

-As part of the low cost objective of the reéeiVer, severa1liﬁno-
vative design approaches were used to implement various subsystems.
jnstéad of using the conventional approach of cascading several transis-
tor stages containing discrete components, the IF ampTifier used in
the present effort uses a cascade of 3 linear high frequency inte-
grated circuits driving a single feedback pair of transistors. " Such
'an arrangement is ‘'very economical since it is easy to design, uSes
few components and can be assembled in a short time.

The 4-pole and 7-pole filters used in conjunction with the IF
amplifier for shaping the channel passband used standard fixed
capacitors and required a total of 4 tuning capacitors for a]igﬁment.
The inductors had to be hand wound. However, if used in jargg :
quantities they could be custom manufactured quite economically.

The measured passband ripple of thesé structures was greater than
‘:the‘theoretically predicted value due to the use of lossy eTéments
having a 5% tolerance. The passband response could have been
smoothed had we opted for more adjustable elements. However, since
the 1ncréased filter ripple did not seem to adversely affect the
overall system performance, such measures were.deemed unneceésany.
In this manner we have attempted tq keep the time for filter -
“assembly and alignment to a minimum.

For th9‘1imitér, we have used two identical back-to-back diode
arrangements separated by a single fransistor amp]ifief. A brief.

theoretical analyses of this circuit is given in Section 3.2 and a
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set of design equations are formulated. Experimental results were
found to correlate well withwthe theory. The measured dynamic
fange and frequency response of this structure indicated that it
would perform quite well in the overall system.

Since the discriminator will detect the higher order frequency
components contained in the limiter's output, it was necessary to
insert a 9-pole low-pass filter between the limiter and discriminator,
This filter was constructed entirely with fixed elements and gave
satisfactory performance.

The approach used in the discriminator's design is particﬁ]ar1y
unique. A modified transmission line discriminator which‘usés a
Tumped element equivalent for the transmission line networks has
béen implemented. This structure has an extremely linear output
response. A complete analysis of the conversion from distributed
to lumped parameter systems is given in Section 3.4. The resu]ts.
of this analysis were used to determine a set of design equations and
predict the theoretical performance. The discriminator used in
this receiver uses only two standard input resistors, two standard
inductors and one variable capacitor for adjusting the center
frequency.

The baseband output amplifier is a relatively standard design.
To convert from L-band to the 80 MHz IF a low-cost commercially made
mixer has been used.

The proper branching network design has been determined by
computer simulation. The channel dropping filters utilize a side
coupled resonator design implemented in stripline. To eliminate

adjacent channel filter interaction two manifolds separated by a 3 dB
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hybrid are employed with odd and even numbered channels on separate
manifolds. The optimum spaé}ng of the filters along the manifolds
is determined by computer simulation.

A1l of the baseband channel subsystems have been housed 1n‘a
T x 3 x 12 3/16 inch box supplied courtesy of Martin—Marietta,_
Aerospace, Communications and Electronics division. The comp]efe
package is shown in Figure 5.1. Its total weight is 1 2/3 1bs. Tq
prevent oscillation, shielding was required between the first and
second preamplifier stages and a]so-between the IF amplifier output
and limiter input. To prevent interference from spurious signa]s-
the box is made RF tight overall. Two DC feed through connectors
are required for connection to a + 32 volt power supply. The RF
and L0 inputs use OSM connectors. The video output uses a-BNC
connector. Complete performance.resu1ts for the subsystems considered
in this report are given in Table 5.1. Theestimated cost of
components, assembly, alignment, etc. are given in Table 5.2.
. Table 5.3 shows theestimated cost of the branching netﬁork.. It
s anticipatéd that the g chain could be built for about $3000- and
the antenna cost should be no more than $2000. The estimated
de]fvered cost of the entire receiver‘ié given in Table 5.4,
| Based on the performance results of existing prototypes and the
cost ana]ysi§'1t can be seen thét a low cost multi-channel receiver
can be realized. |
5.2 FUTURE WORK

The work previously described in by no means comp1e£e. A

number of important areas of interest have yet to be exp]ored.,
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The overall link performance characteristics of the
baseband channel must be investigated. This would include
determining the amount of AM to PM conversion, FM linearity
of the overall system, and a measure of the overall

group delay. The group delay measurements are of course
required for determining the design of group delay
equalizers, if they are in fact needed.. Ultimately

this system will have to be tested by using an actual
color TV FM signal applied to the input.

Now that a set of basic design criteria for the

branching network has been developed a prototype mode]l
should be constructed and tested. |
Consideration should be given to implementing circuitry

for obtaining the 12 required L0 frequencies.
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Baseband Channel Package



Table 5.1

Input Level
Minimum Detectable Signal
Input Return Loss

Output

IF
Overall Bandwidth
Bandwidth per Channel

'_ Channel Selectivity

DC Power Supply

Dimensions
Weight
Mixer -
LO Input Level
 LO Input Return Loss

IF Amplifier -
Qutput Level
Output Noise Level
Dynamic Range

Limiter -
Nominal Input Level
Dynamic Range
Input Impedance

Discriminator
Input Impedance
Output Linearity

104

Performance Specifications For
Baseband Channel

-40 dBm Max into 500
=86 dBm
>15 dB

1 Vpp into 75Q

80 MHz
1.0 - 1.5 GHz
36 MHz + .5 dB

30 dB Suppression of
adjacent Channel
Bandedges

+ 32 volts 10 watts

v—t

X 3 x 12 3/16 inches
1 2/3 1bs.

+ 10 dBm
>10 dB

+ 16 dBm Max into 3000
2.67 dBm
15 dB

+ 10 dBm
10 dB
3008

3000
<1% Deviation from Linearity
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Table 5.2 Cost Estimate for One Baseband Channel

Price per Unit in Quantities of 1000

Bill of Materials:

Miscellaneous Resistors and Capacitors $ 4.30
Miscellaneous Semiconductors - 22.00
Mixer | . 20.00°
OSM-Connectors (2) 2.25
Aluminium for Housing ‘ : 2.00
Miscellaneous Hardware 2.00

$52.55

Labor {Estimated)

Machining of Housing $35.00

PC Board Processing ' . 2.00

RF Assembly and Test ' 75.00
$112.00

Total $164.55
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Table 5.3

Estimated Cost of the Branching Network

Item

3 dB Hybrid

Circulators

Loads for Hybrid and Circulators

Channel Dropping Filters

Manifolds

Miscellaneous Hardware
(connectors, etc.)

Assembly and Test

TOTAL

Cost

50.00

300.00

30.00
600.00
200.00

50.00

350.00

$1580.00
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Table 5.4

Estimated Delivered Cost of the
Entire Ground Station

Antenna $2000.00
WBsiinghquse Front-End 250.00
Branching Network 1580.00
12 Baseband Channels 3600.00
LO Chain 3000.00
DC Power Supply - 200.00

Alarm Circuits 500. 00

Total Delivered Price $11,T30.00
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7.1 FILTER DESIGN
7.1.1 Introduction

The following sections wil) be concerned mainly with the techniques
used to design the filters which were used in the IF amplifier and
limiter (see Chapters 2.4, 2.5, and 3.3). We will concentrate mainly
on the design of the low pass, high pass, and band-pass filters,
doubly terminated and having a Tchebycheff response. We first describe
a fundamental set of design equations based on the low nass prototype,
then show how the band-pass and high pass structures can be realized
from this basic prototype. We will then proceed to show how the
design eguations can be implemented with computer programs suitable for
use on a small on-line computer to quickly and accurately design
actual structures.
7.1.2 Prototype Equations and Low-Pass Filter Design

It can be shown from the work of Matthaei et. al. (19) thaf one can
use the Tchebycheff polynomials to obtain an expression that relates
the out of band insertion loss at a given frequency to the ripple,

cut-off frequency, and the number of reactive elements in a low-pass

filter;
- 2 -1 wa
LF(wa) = 10 10910 1] + e cosh [n cosh m‘;]i (7.1.7)
where: Lp = insertion loss in dB
n = number of elements
wy = cut-off frequency in rad/sec
wy = frequency in rad/sec beyond the cut-off frequency

where we desire to have a loss of LF‘

-1 ft '
and : £ = [Iog_lé (._!_g_)] =1 (7]-2)
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where Lp is the ripple in dB, (see Figure 7.1.3).

This equation was then written in a FOCAL program as shown in
Figure 7.1.1, to solve for the number of elements required for a
given ripple, LR,cthOff frequency,‘wc, out-of-band attenuation,

LF, and W, the frequéncy at which this out-of-band attenuation is
specified.

It will be shown later how equation 7.1.7 can be used to
'determine the number of elements for high-pass and band-pass filters
through appropriate mappings.

| Structurely, the Tow-pass filter can exist in four different
forms, each having the same response as illustrated in Fiqure ?.1.2
The va]uesg1 through g, represent normalized values of series
inductance and parallel capacitance. In Figure 7.1.2 a and b, 9,
 is the normalized generator resistance, R'o. In Figure 7.1.2 ¢ and
d,g0 is the normalized generator conductance G'O, where G'0 = ]/R’O.
In Figure 7.1.2 b and c, 9,41 15 the normalized load resistance

1

R For Figure 7.1.2 a and d, ¢ is the normalized vatue of the

n+l° n+l
1o§d conductance Gln+1’ where G'n+] = ]/Rln+l'
For all doubly terminated Tchebycheff filters with LR pass-band
ripple, the 9y values which are the values of series inductance and
shunt capacitance normalized to the sca1e'g0=1 and ml] = 1 may be

computed in the following manner. We first find:

w
It

) |
n coth [+fes C(7.1.3)
\7.37

-
I

= sinh (%ﬁ) | C(7.1.8)
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Figure 7.1.3 Low-Pass Filter Frequency Response
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ay = sin [ % "] k=1,2,3, = n (7.1.5)
by, = ¥ + sin’ (Fﬁ) . ~ (7.1.6)

From the a and bk parameters we can then generate the 9y parameter:

g1 = 2a1 .
— . (?.1.7)
4 3
9y = EW_E:l__& k= 2,3, «»» n _ (7.1.8)
k-1 k-1
and
9peq = 1 for n odd
‘(7.1.9)

i

9041 coth®(8/4) n even .

For'any Tow-pass structure shown in Figure 7.1.2, one can then
determine the actua1 values of series Tnductance and parallel

capacitance by using the following equat1ons,

R wy \ G W | | | :

0 1 0 1 .

. ——— = e — N 7.1.]0
(R 1) (wT ) L (Go ) (“1 ) % “ :

1

Ly
0

R w, G w |
1 0 1
¢, = (_Qh) (““_) 9, = [ (_,_) g (7.1.11)
k RO w k. GO W] k

Roe1 = In+1 R ' | - (7.1.12)
where; wp ® cutFoff frequency in rad/sec

R0 = jmpedance level in @

‘Rn+1 = terminating resistance in @ ,
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A1l primed quanties are normalized quanties. In general we set

w]' =1, and GO‘ = R'0 = ]

In order to solve for the required g values and the actual L
and C values it is possible to write a FOCAL program to solve
equation 7.1.3 through 7.1.12 as shown in Figure 7.1.4.

Here the ripple in dB, LR, number of elements, N, impedance level
in ohms, RO, and the cut-off frequency in MHz, WC are to be Specified.
Upon execution, a print out of the normalized g values, G{K) and
the corresponding values of series inductance, L(K}, in uh, parallel
capacitance, C(K), in pf, and the required value of terminating
resistance, RT are obtained. These values are the possible values for
all of the configurations shown in Figure 7.1.2. However, it is
easy to see that for Figure 7.1.2 a and b, one must select the odd
k subscripted values of C and the even k values for the inductors.

For Figure 7.1.2 ¢ and d, we find that this situation is reversed.

In order to show how these filter programs can be used to realize

actual structures consider the design of the Tow pass filter and

between the output of the limiter and input to the discriminator

(see Chapter 3.3) the filter must have the following specifications;

mc/Zw'= 105 MHz, L .01 dB, RO = 500, LF = 10 dB at 120 MHz.

R
Setting LF = 10, LR = .01, W = 120, Wc = 105 in the program of Figure
7.1.1, the required number of elements is found to be 9.13823. 0f

course the actual number of elements used is 9. With a knowledge of
the number elements, the program in Figure 7.1.4 is used to determine

the g values and the actual element values. Setting LR = .01, N = 9,

RO = 300, and Wc = 105, the results shown in Figure 7.1.5 are obtained.



117

RS LA S Bl I

A -l-"1 A\ "L'\I”,L."\'..l”.\'”)'l‘j.'“:qk)(i)f'{‘.v‘l:‘).)"’?\"'J}l.\‘.f(:(a"#"{,’:J'”.’"\}l_"
Ale2 T, “ ) Liwyl grd GCALryEprm 1t

ATL b B P2E=ER.141593303 AELAAL T 3TES wl= kP LeRF el kA
A G TSR ARCYES GEFRAAC= I BASALICICT+HSI/00=-50 1
A3, pl % CO=RA/TI NG S AR FRNARPICRE)=FEAr(-CG) I/

T g N oK=Ly e 3 (N=PkanNsGN0 3.4

AN e B =2 a N )

B, A ] (NS =R [ TRINA2I= a2 ) Al ahe 30 1e]

A1l AJTANES RN G0N )

1728 4 ANSFSINLOPRK=1 24P L/2/8035 ANSGASGA+LF 5L NIKer b AN) ST
IDRCIE T I S E I | H'!.:.J:H'\l\’/ﬂ\.)‘f(iu

ATReAN S LEUN&d/NE S 06N/ LD AeD

14011 & WEARARCAAZAYES VAN AP(=3A /)
AAe2N 5 G+ ) /(=) 112506 4.4
1

AAe33 5 CGF =
Aaead A2 u," R A e GR Y T = R A s GR R PTG
B TR R N A2 P AR NS A Tallkl ALY AN ATV S B R

Figure 7.1.4 FOCAL Program for Generating the g Values.
and Determing the Values of
the Elements in a Low-Pass Filter



¢
L3l

RO

0 DHMS ) E e
TR QL A BN B

o)

D81 AA5
1ARTa0H
1 e AYS
a7l 2%4
1.998579
171254
1 a3 AYA
142704
Tavt A8
e300

1Y e A

118

Ly Lalriy

AeF3TIAG
HeAHAB92
HeH2A89
DaTTETAH
[RIRe HHAD
3 ci"y),T"l‘)
e B AKYTA
A 3THAA

S(rmILER )

A4«11515
Te 212N
Je 1l 540
e ADISY
Fe B2 1)
iy HIDAY
JellAany
Te21.029

As b1 0102

Figure 7.1.5 Print Out of Low-Pass Filter
Design Program



119

One of the basic configurations shown in Figure 7.1.2 must now be
chosen. Since the filter haé an odd number of elements and should
provide a high input impedance at frequencies beyond We s the
prétotype shown in F?guré 7.1.2 d is selected. Thus the odd k
subscripted values of L(k) and the even k subscripted of C{k) are
‘used. Hence, the circuit appears as shown in Figure 7.1.6. Also,
the terminating resistance RT = 300%. Thfs circuit was built up and
testéd using hand wound inductors and fixed values of capacitance
having a 5% tolerance. In Figure 3.7 one can compare the mequred
'fPQQUency response of the actual structure to the theoretically
predfcted response.

 The experimental response as indicated in Figure 3.7 has about .5
dB pass band ripple and falls off much quicker than the theoretica11y
predicted response for a .01 dB ripple filter. As expected from the
theory, allowing a theoretical pass band ripple of .5 dB for the same
structure results in a theoretical taper which is closer to the
experimental results. It is then reasonable to assume that we could,
if desired, tfim the element values to smooth the passband ripple and
provide less of.a taper. ' |
7.1.3 BanduPasé Filter Design

By making use of a suitable low-pass to band~péss mapping, one

can use the basic low pass design equations to obtain the design
pérameters for a band-pass filter. Thé band-pass response.is 6bta1ned
by first folding the 1ow-pass'response to produce a symmetic curve
about the frequency origin and then translating this response‘to the
desired center frequency, Wi s to produce the band pass response as

- shown in Figure 7.1.7. The low-pass to band-pass mapping is;



120

.370 .820 .867

T7.21 T
O b

A1l Inductors in ph

3000

820 370
T

A1l Capacitors in pf

Figure 7.1.6 Low-Pass Limiter Filter



121

Figure 7.1.7 Frequency Resnonse of a
Band-Pass Filter
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a l. (ELﬂ - _Ji) {(7.1.13)
' w w N
[ Q
1
whare w, the fractional bandwidth is

i) - ‘
w= 21 (7.1.14)

%o
w, = Yoy w, {7.1.15)

and ma' and w1| refer to the low pass response as indicated in
Figure 7.1.3 while w, wgs 975 refer to the band pass response as

shown in Figure 7.1.7. Hence, equation 7.1.1 can be modified as;

[}
Lalw) = 10 Togyy 1 + ¢ cosh?® n cosh™! G} Eﬁ; - Ifl]); (7.1.16)

] -1 (LR
where e = logq 1/ - (7.1.2)

This can be solved to givé the required number of L - C resonators, n.
As was done for the low pass case, the equation can be implemented in
d FOCAL program that solves for n if the ripple, LR, the upper and
lower cut-off frequencies, W1 and W2, the out-of-band attenuation LF,
and W, the freguency at which LF dB of attenuation is desired are
specified. This program is shown in Figure 7.1.8.

Like the low-pass filter, the band-pass filter can have four
different realizations, each one having the same response. These forms
are shown in Figure 7.1.9., The parameters 9% and 9,47 are defined in
exactly the same manner as for the low pass filter. The 9 values
represent the normalized impedance of each series resonator and
normalized susceptance of the shunt resonators. Again, these are the
same g parameters as generated in the Tow-pass design. If R0"= 1 and

wy = 1, the series impedance is;



R
1 0
X_=aol_ = = -2 g (7.1.17)
5 o°s ocs ’ w Tk - .
and the shunt susceptance is;
B = wyC, = E - ;%-— | (7.1.18)
p p ¥g p o
where R R - {7.1.19)

n+1 = Ine1 T
The k subscript on the g parameters 1is changed to j in equation

7.1.18 to differentiate between those g values which pertain to the

. series resonators and those which refer to the shunt resonators as

shown in Figure 7.1.9.

Once again it is possible to generéte'the g values as in thé
low-pass case. For this case,equations 7.1.17, 7.1.18 and 7.1.19 are
used to determine the actual L and C values and the required
terminating resistance. To use this program, one must specify LR,
the pass-band ripple in dB, N, the number‘of fesonators, RO, the
input impedance level, LF, the Tower frequency limit of the‘pasé—
band, and UF, the upper Timit of the passband. This program is

~shown in Figure 7.1.10.

Upon execution, the values of series inductance in ph, LS(K)[UH]
and series capacitance in pf, CS{K)[PF] are obtained, as well as tﬁe
‘para]1e1 values of inductance in ph, LP{K)[UH] and capacitance |
-CP(K)[PF] in pf. In addition, the terminating resistance RT is
obtained in 2. The set of values to be used depends on which
configuration in Figure 7.1.9 is chosen. In Figure 7.1.9 a and b,
for‘even values of k, one uses the series values of L and C while
the odd values of k give the required parallel L and C. The situation

is reversed in Figure 7.1.9 ¢ and d.
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As an example of the application of there teéhniques consider
the problem of.designing‘thé band pass filter located between the
I.F. output of the mixer and the iﬁput to the IF amplifier (éee
Chapter 2.4). According to the specifications described there, the
filter requires a 502 input impedance, .01 dB pass—band'ripp}é,”'.
~upper and lower cut-off frequencies of 98 MHz and 62 MHz respeétively
and‘an attenuation bf at least 30 dB at 40 MHz. First, using the
program shown in Figure 7.1.8 to determine the number of resonators,

we set LF = 30, LR

0T, W =40, W2 = 98 and W1 = 62 and find that

fl

n = 3.990. Thus,n = 4 is used. Now the second progfam {Figure 7.1.10)
is applied to obtain the actual values of L and C. Setting LR = .01,
N =4, R0 =50, LF = 62 and UF = 98 we obtain the result shown in
Figure 7.1.11.

Since there is an even number of resonators, either cpnfigura-
tion a or ¢ in Figure 7.1.9, can be used. If one chooses Figure
7.1.9 a, the odd values of k give the parallel L's and C's while
the even k values give the series L's and C's. The resulting
configuration was shown in Figure 7.1.12. The value of the terminating
‘resistance for this structure is 55.0374 ohms.
7.1.4 High Pass Fi]tér Design

The basic design equations for the low-pass filter can again

be used for high-pass design by making the frequency transformation:

PO o - - (7.1.20)

] .
where ' and m]' are the anqular frequency variables related to the
low-pass response shown in Figure 7.1.8 while ] and w are the angular

-frequency variables related to the corresponding high pass response
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shown in Figure 7.1.13. In effect, this transformation interchanges
the origin with the point at infinity and the positive frequency
axis with the negative axis.

The effect of this transformation is to change the inductive
feactance w'L' in the low-pass prototype to a capacitive reactance

in the high pass filter:
copuy L /o = -1/uC (7.1.21)

1 ]
and any capacitive susceptance w L 1in the low pass filter is then

transformed to an inductive susceptance:
-wqty C/lw= =-1/wl (7.].22)

Hence the same 9 values used for the low-pass prototype can be used
to obtain element values for a high-pass design.

If this transformation is applied to the standard low-pass
design programs we can obtain programs to design high-pass filters.
For example see Figure 7.1.14. To determine n, one specifies LR,
the ripple in dB, WC, the cut-off frequency, LF, the out-of-band
attenuation: at the frequency H. To determine the required element
values we cén use the FOCAL low-pass program which solves equations
7.1.3 thru 7.1.12 and apply equations 7.1.2 and 7.1.22 to obtain the
high-pass filter design program shown in Figure 7.1.15.

Thus, to &etermine the e1emgnt values one must specify LR, N,
RO, and WC. Like the low-pass ‘and band-pass filters, the high-pass
can also exist in four equivalent forms as illustrated in Figure
7.1.16. As in the case of the Tow pass filter, the design program

gives values which are applicable to all four forms. To determine
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Figure 7.1.13 Frequency Response of a High—Pass‘Fi1ter
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Figure 7.1.16 Possible High Pass Configurations



135

¥ (3

| I -, ¥

NIy

200 0RMS 3D
Ll UMR S 8 vl

K GlKD LUK YL A ) UK LeE )

| [ At e T HedARES Lef il
2 1e22945) Red QT2 P94 A3
3 e A TR e 1227y
4 1222941 NwdBATE D3 T
5 o542 Hed A6AS -+ 1THR6AID

A 1 e )il

=T = BE A

Figure 7.1.17 Print Out of High-Pass Design Program



136

which values apply to a given configuration, note that for Figure
7.1.16 a and b the odd k subscripted values of inductance and the
‘even k subscripted values of capacitance are to be used. For
Figure 7.1.16 ¢ and d, the situation is reversed,

As a design example, consider a high-pass filter with a cut-off
frequency of 100 MHz, impedance level of 50q, pass-band ripple of
.5 dB and an attenuation of 10 dB at 85 MHz. Using first the program
for determining the number of elements (Figure 7.1.14) set LR = .5,
WC = 100, LF = 10, and W = 85 and find that N = 5.248, choose n = 5.
Having a knowledge of the number of elements one can now apply the
second progfam (Figure 7.1.15) to determine the required values of
L and C. Setting LR= .5, N =05, RO = 50, and WC = 100 we obtaiﬁ
the result shown in Figure 7.1.17. Since the filter has an odd
number of elements and assuming it is desirable for the input to
the filter to present an open circuit impedance above wes con-
figuration d of Figure 7.1.16 is chosen. Hence, the circuit shown
in Figure 7.1.18 is obtained. Note that the terminating resistance
is 50a for the structure.
7.2 VOLTAGE CONTROLLED OSCILLATOR

For the purpose of making swept measurements in the performance
of the amplifier of Chapter 2, a voltage controlled oscillator {VCO)
was constructed that could be frequency modulated in a linear manner
over the range of 60 - 100 MHz and which provided a fairly constant
power output over that range.

As is shown in Figure 7.2.1, the circuit is a series tuned

Hartley Osciliator with a varactor dijode in the resonator circuit.
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Hence, by changing the bias to the varactor, the frequéncy 6f
| oscillation is changed. ~Figﬁre 7.2.2 shows the tuning.chrve which
is linear to 1%. The bower output over the same frequency range is ,
shown in Figure 7.2.3. The output is‘reasonab1y constant, exhibiting
only 1.3 dB of variation over the tuning range. These measurements
were made with the output loaded to 502. In order to have the VCO
perform to épecifications_indicated here, it is recommended that
it always be loaded with 50 . |
7.3 LUMPED ELEMENT QUARTER WAVELENGTH TRANSFORMER

Quarter wavelength sections of transmission line are routinely
used as impedance transformers. At frequencies below 1 GHz, the use
of.a transmission line for this purpose is impréctfca1 due to the length
of line required. However, from the methods outlined in Everitt and
‘Amer ( 24) one can replace the Yine by a lumped element equivalent
" circuit as shown in Figure 7.3.1. For this quarter wave]engfh {(»/4)
trénsformer, the characteristic impedance required to provide a match

between two different load resistances, (Z0 and Zr).is;

2' =1 | - o (7.3.1)
For the lumped element equivalent:

zo'. = X0 = X = |X (7.3.2)

3!
where X; and X, are inductive and X, is capacitive. If f, is
the center frequency at which a perfect match is obtained, one finds
thé'f011owing Tumped element values for the 3/4 transformer:
Z, | | |
L-I = L2 = "2—7']_'?;- : ‘ : (7.3.3)

€3 = TN | (7.3.4)
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As an example, consider the lumped element equivalent »/4 trans-

former which matches 3000 to 502 at 80 MHz. From equation 7.3.1, 7,

= 121.5Q and from equations 7.3.2 and 7.3.3 one obtains L] = L2 = .242
uh and C, = 16.45 pf. Figure 7.3.2 shows the theoretical magnitude
of the reflection coefficient,ﬂpl plotted as a function of input
fﬁequency for this structure.

It is possible to effectively cascade these A/4 transformers to
- obtain a match over a wider frequency range if so desired. Matthaei,(25)
provides a detailed analysis and a set of design equations for making
such broad-band impedance matching structures. |
7.4 FOURIER ANALYSIS OF A TRAPEZOiDAL WAVE

To good approximation, the output of the limiter described in

Chapter 3 is représented by the waveform shown in Figure 3.2.

Hence,
A sine Ofﬁfptc
VC wt, <8 <7 - wt,
V(8) = < A sine T owt, <0< W+ owt
(7.4.71)
TVC T+ wtclf_ ;) _<_‘2'n - wtc
A sine 2n - wtc <0 < 2n

is the limiter's output over one period. It is possible to represent

‘V(e) as a Fourier series of the form:

o

V(o) = E B, sin ne | | - (7.8.2)

n=1
since V(8) is an odd function. The Fourier coefficients B, correspond

to the amplitudes of the higher order harmonics contained by V{s).
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These are given by,

T
B, = % ./f V(s) sin ne de ‘(7.4.3.)

0

Therefore, for the limiter output, the amplitudes of the harmonics

will be given by:

wt l m=wl
_ 2 C . . € d
Bn j T A sin o sin no de + VC sin ne de

o wt,
n+mtc Zﬂ—wtc
+A . sin ® sin ne do - VC sin no de
n-mtc ’ ﬂ+gtc
2w
+A sin 8 sinne de§ n> 2 (7.4.4)
ZW-wtc

~ Solving these integrals and substituting wt_ = 8 we have

B, = "¢ {1 - cosnm) cos nwt {7.4.5)
nm n>?2

To solve for BI’ the fundamental equation 7.4.4 is used with n=1:

By = %- [?mtc - %—siantc] (7.4.6)

Also it should be noted that
Y
ate = sin (VCIA) (7.4.7)
Further, as can be seen from equation 7.4.5, all even coefficients
are zero., The theoretical and experimenta]Iamp1itudes are cbmpared

in Table 3.1.
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7.5 MEASUREMENT TECHNIQUES
7.53.1 Measurement of Limitef Harmonics

An experimental set-up like the one shown in Figure 7.5.1 was
used to measure the harmonic content of the limiter's output. 'A
100 MHz low pass filter at the output of the generator was used to
eliminate its harmonics. The 100 MHz high pass filter is necessary
to eliminate the fundamental component of the Timiter output so that
the Timiter harmonics can be measured without overdriving the spectrum
analyzer.

The procedure used for measuring the harmonic content is quite
simple. First, without the high pass filter in place, a reference
level of 0 dB is set on the spectrum analyzer. Next, the high pass
- filter is reinserted and the spectrum analyzer is set to the second
harmonic frequency. Attention is then decreased in the variable
attenuators to bring the level of the second harmonic up to that
previously set for the fundamental. The attenuation removed i§
noted and a correction is made for the insertion loss of the high
pass filter at this frequency. This yields directly the level by
which the harmonic is down from the fundamental. By using a
procedure such as this, we are able to obtain the experimental results
shown in Table 3.1.

7.5.2 Measurement of Inductance with Hewlett-Packard Automatic
Network Analyzer,

In order to accurately determine the inductance of the hand-wound
inductors used in the filter designs described in Chapter 2.4, 2.5, 3.3,
they were measured using the experimental set-up shown in Figure 7.5.2.
The oscillator is set to 100 MHz and the attenuators are adjusted to

provide sufficient power to operate the analyzer. To calibrate the
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phase meter the inductor is temporari]j shorted out and the tabie
lengths in the reference ané test channels are.adjusted to give a
180° indication on the phase meter. .The short is then removed and
the meter should return to 0°. If the meter doesn't return to
exacf]y‘ 0° it can be trimmed by use of the vennier control on the
‘ phase meter. The inductance can now be measured by placing the
inductor into the mount and noting the value of the phase angle

8. To compute the inductance, L, substitute 6 into the following

formula:

1 1+ /1 + tan @ J
S tan 6 uh : (?'5'1)

If one wants to adjust the value of inductance, it is convenient
to know the resulting phase for a given inductance. For L in yh

and & in degrees we have:

S (4L -1

§ = COS el
(4wL)° + 1

(7.5.2)
In making these measurements care should be taken to keep the
inductor leads as short as possible. Also, the output frequency of

oscillator should be monitored and kept constant. In this manner,

it is possible to measure inductance to an accuracy of 5%.

A

7.6 DETERMINATION OF PARALLEL LINE 3

USING A FIBONACCI SEARCH

COUPLED FILTER DIMENSIONS

From the even and odd mode characteristic impedances of each
parallel set of coupled resonators in the parallel coupled strip-
1ine resonator filter (see Figure 4.2), Matthaei et. al. (19)

supply equations for determining the strip dimensions using e]Tiptic
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integrals of the first kind. Based on these equations, Matthaei (19)
presents a set of design nomdgrams. It was found that the accuracy
of these nomograms was insufficient for our purposes. By employing
a Fiﬁdnacci search and polynomial representation of the elliptic
1ntégra1s, T. Monsees has developed the FOCAL program shown in

Figure 7.6.1 and 7.6.2 which solve for the normalized dimensions

w/b and sib, (see Matthaei, p. 175) to whatever desired accuracy.

The use of these programs is rather straight forward., The
appropriate values for the even and odd mode characteristic line
impedances are calculated in the usual manner {(19). The nomograms (19)
are then used to first determine the maximum and minimum values of
the range over which one would expect to find the correct values of
w/b and s/b (see Figure 4.2). Initial values of s/b and w/b are
also determined in this manner, The program shown in Figure 7.6.1
is applied first. Setting S/B MIN, S/B MAX, W/B (the initial value),
ACC'CY (required accuracy expressed in parts per TO"),ZO 00D and
Z0 EVEN to their appropriate values, a print out of two possible values
of S/B are found. These are averaged and the result used in the
second program, along with the appropriate nomogram values for W/B MAX
and W/B MIN. This program gives two bossib]e values of W/B. The
first program is run again using the average the two print out values
from the second program for W/B. Now the S/B MAX and S/B MIN used
are the two values from the first run of this program. One then
proceeds to iterate in this manner until the final values of s/b and

w/b are within the required accuracy,
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